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INTRODUCTION
Interest in conservation tillage was prompted by the energy
crisis of the 1970s, increasing production costs through the early
1980s, and an increased concern in preserving the land for the future
(Schiff, 1979; Laflen et al., 1980; Larson and Osborne, 1982).
Benefits of conservation tillage became apparent: reduced erosion
CLyles, 1980; Lindstrom et al., 1979; Skidmore et al., 1979),
Increased soil moisture content (Erbach et al., 1986), and reduced
evaporation (Wittmuss and Yazar, 1980) due to the residue on. the
surface, as well as lower energy requirements for the grower
(Oriffith et al., 1977; Phillips et al., 1980). Some disadvantages
also became apparent and have dampened interest in conservation
tillage, particularly in no-till farming systems. The primary
problems are lower soil temperatures (van Wijk et al., 1959; Allmaras
ec al., 1964) and an Inability to uniformly place seed during
planting CErbach et al., 1986) due to surface residue interference.
These two factors slow germination (Allmaras et al., 1964; Wierenga
et al., 1^82; Erbach et al., 1986), depress plant growth (Griffith et
al., 1973; Wierenga et al., 1982; Erbach et al., 1986), and
ultimately result in poorer yields (Van Doren and Triplett, 1969;
Phillips et al., 1980).
Because surface residue appears to be the source of both the
advantages and disadvantages associated with conservation tillage,
studying the influence of residue placement on the plant environment
becomes critical. A system or method of moving or removing residue
that can be adapted to today's conservation tillage farming practices
and equipment is essential. Defining a practical and optimum residue
placement on the soil surface would preserve the benefits and
decrease the disadvantages of conservation tillage.
One practical residue placement would be to place the residue in
bands, leaving residue-free bands along the crop row. A residue-free
strip or band, hereafter referred to as a band, could be formed by an
attachment to the planter preceding the opener. The residue would
he pushed away from the row allowing the soil to warm and allowing a
more uniform seed placement. Residue would remain on the soil
surface between the rows to reduce erosion, reduce evaporation losses
and increase soil moisture content. The problem Is to determine the
optimum residue-free band width.
The purpose of this research project was to determine how the
width of residue-free bands along the crop row affected soil
temperature In the form of growing degree units in a no-till field.
The research was divided into a field study and a growth chamber
study. Soil temperature data were collected and growing degree units
were calculated. The optimum residue-free band width would be the
treatment accumulating the greatest number of growing degree units at
the seed location. A computer model was modified to determine, given
a specific set of Inputs describing soil and weather conditions,
optimum residue placement and/or optimum seed placement if residue
placement is fixed.
Objectives
There were two primary objectives of this research:
1. To determine an optimum residue-free band width by
statistically comparing residue effects on growing
degree units (GDU).
2. To use a two-dimensional model to predict soil
temperature changes as a function of residue-free
band width.
LTTERATURE REVIEW
Effects of Residue on Plant Root Environment
The plant root environment is composed of many interrelated
factors Including soil moisture, soil temperature, soil structure,
and nutrients. Wierenga et al- (1982) have shown that soil
temperature affects germination, plant emergence, root growth,
nutrient uptake, and shoot growth. Burrows and Larson (1962) found
that increasing residue thickness progressively decreased corn growth
and decreased the amount of heat stored in the soil. Allraaras et al.
(1964) showed that mulch or residue lowered average soil temperature
and reduced dry matter production. McCalla and Duley (1946) found
that soil temperatures in mulched plots rose more slowly with
rising nir temperatures and fell more slowly with decreasing air
temperatures than soil temperatures in bare plots. They also found
that temperature differences across treatments with increasing
amounts of residue decreased with Increasing crop size.
Some effort has been expended in trying to develop methods of
managing soil temperature by using different residues or mulches and
by combining mulching with such soil surface configurations as
ridges. Maurya and Lai (1981) studied the effects of translucent
and transparent polythene and compared these effects with rice straw,
and unmulched and ridged soils. The straw mulch and the translucent
polythene produced the greatest yields due to more favorable
temperature and moisture conditions. Radke (1982) studied the
pffortR of ridges nnd mulches. He dotermlncd that combining ridgos
with mulching helped offset the temperature decreases caused by the
mulch. Lindwall (1^83) studied the effects of varying the size of a
residue-free circular area centered above the seed zone on
germination rate, early corn growth and soil temperature. He found
that Increasing the residue-free area decreased emergence time,
increased the rate of early corn growth, and had mixed results on
temperature effects.
Other studies have shown that residue has allelopathic effects
in the root environment. Yakle and Cruse (1983) have documented that
residue in the root zone has negative effects on root growth. These
results suggest that there are advantages in moving the residue away
from the seed and roots, and that residue-free bands over the row
could have the desired effects of increasing the advantages and
decreasing the disadvantages of conservation tillage.
labile many of these studies promote understanding of the
residue-soil temperature relationship, they do not offer a practical
solution for widespread application to modern no-till agricultural
operations where the only mechanical residue/soil disturbance is with
the planter. Because an objective of no-till is to reduce production
costs through lower energy requirements and more timely operation,
the planter must become the source of residue management.
Basis of Crowing Degree Units for Treatment Comparisons
The concept of growing degree units or heat units has been used
for more than two centuries to determine plant-temperature
relationships (Wang, 1960). Maturity of a particular crop is related
to the accumulation of energy over the growing season as measured in
heat units. Heat units are used to predict or estimate the harvest
date for the crop.
Originally, the number of heat units was the summation of the
mean daily air temperature over the growing season of the plant (Wang>
1960). Over the years, researchers have tried to develop more
accurate methods of accumulating heat units. Wang (1960) describes
and critiques the methods developed by a number of these researchers.
The method most commonly used is a remainder index method. This
method involves weighting or ignoring temperatures above or below
certain limits.
Gilmore and Rogers (1958) studied various methods of
accumulating heat units and determined that temperatures below the
minimum for growth (10 °C for corn) and above the optimum for growth
(30 °C for corn) should be corrected. Barger (1969) adopted the same
procedure as documented by Gilmore and Rogers for The Weekly Weather
and Crop Bulletin in an effort to provide a standard method for
computing growing degree units.
Because the period of time when the residue has tha greatest
effect on soil temperature is early spring, when the seed is first
planted, and when Che plant is young, the concept of GDUs is applied
to soil temperatures at specific locations in the plant environment,
the soil. Therefore, for the purpose of this analysis, a heat unit
or growing degree unit (GDU) for one day is defined as the summation
of 24 standard(zod hourly temperature values or
GDU = i;(T-10)/24 T - 10 ; T <= 10
30 ; T >= 30
where: GDU is growing degree units, °C-day
T is the soil temperature reading at the location of
interest, °C
10 is the base temperature, °C
24 is the number of temperature readings per day
The daily GDU are then summed over the days of data collection. This
final accumulated GDU is used in the data analysis.
Models Predicting Soil Temperature
Much work has been done to simulate or predict soil temperature
using computer modeling. Hasfurther and Burman (197A) developed a
mathematical model using a Fourier series to predict soil temperature
based on air temperature as the driving mechanism for a groundcover
of wheatgrass. This model is most accurate in the top one inch of
the soil profile. Davis and Garner (1978) developed a finite
difference approximation to predict soil moisture and soil
temperature In a bare bedded soil from weather data and soil
properties. Schieldge et al. (1982) used an explicit finite
difference technique to make soil temperature predictions on bare
soil. These three models have discrepencies of 1 to 3 °C between the
predicted and measured soil temperatures near the surface. Results
at other depths are mixed. Behroozi-Lar et al. (1975) used the
Princeton Circuit Analysis Program (PCAP) to simulate the soli
temperature profile of a bare soil with good results at the surface.
Gupta et al. (1981) developed a model for predicting
temperatures of completely bare or completely residue covered soils
using hourly air temperatures, dally minimum and maximum soil
temperatures, initial soil temperature and thermal diffusivity
profiles. Gupta et al. (1982) simplified this model by replacing the
measured air temperatures with estimates.
Holzhel (1984) developed a two-dimensional soil moisture and
soil temperature model using a finite-element formulation. His model
includes provisions for undisturbed and disturbed soils of various
textures and surface geometries, but does not Include any provisions
for surface residue. He obtained good results with some parameter
and model refinements.
Most of these models require extensive measured inputs. None of
the models incorporate regions of bare and residue covered soil
within the same model. Chung and Horton (1985) have developed a two—
dimensional heat and water flow model using a partial surface residue
cover similar to the residue placement presented in this research.
This model has been tested in one dimension and applied to two
dimensions with good results. Therefore, rather than formulate an
empirical model based on statistical results, the Chung and Horton
model was adapted to simulate changes in the soil temperature profile
with changing width residue-free bands.
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MATERIALS AND HETHODS
Experimental Design of Field Study
Field plots were established in the spring of 1985. The plots
were no-till or fall moldboard plowed and consisted of six, 76.2 cm,
rows of corn. Two replications of the no~tlll plots were used for
the field study. Three residues were used: corn, soybean, and
fiberglass insulation. The corn and soybean residues were applied at
approximately 7000 kg/ha so the soil was completely covered. Four
residue-free band width treatments were selected. These treatments
were: 0, 8, 16, and 32 cm residue-free bands. A check treatment of
completely bare (76.2 cm) soil was established in each plot. Two
completely covered treatments with 507, of the amount of residue were
also established with corn and soybean residues. The treatments were
arranged in a randomized complete block design.
Due to equipment limitations, different numbers of copper
constantan thermocouples were Installed in each plot. An assumption
was made that the horizontal temperature distribution would be
uniform for the completely bare treatment and for the completely
covered corn, soybean, and insulation treatments. Therefore, four
thermocouples were placed vertically at the 0, 3, 6, and 12 cm depths
centered under the row for these four treatments as shown in Figure
1. A grid of 16 thermocouples, four across at 0, 4, 8, and 16 cm,
and 4 down at 0, 3, 6, and 12 cm, as shown in Figure 2, were
11
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Figure 1. Thermocouple arrangement for the bare and 0 cm residue-
free band width corn, soybean, and fiberglass treatments
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Figure 2. Thermocouple arrangement for the 8, 16» and 32 cm residue-
free band width corn residue treatments
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Installed in the 8. 16, and 32 cm residue-free band corn residue
treatments. The remaining treatments: 8» 16» and 32 cm residue-free
band soybean and insulation treatments and the 50% completely covered
corn and soybean treatments had two thermocouples vertically placed
at the 0 and 6 cm depths as shown in Figure 3. The 6 cm depth was
used because the seeds were planted at approximately 6 cm. A
thermocouple in each replication was placed at the 1 msoil depth and
one thermocouple, shielded from radiation, was located 1 mabove the
soil surface to record air temperature.
The thermocouples were installed using masonite boards to insure
accurate placement of the thermocouple tips into undisturbed soil.
These masonite boards had holes located at the thermocouple spacing
and slightly larger in diameter than the thermocouple wires. The
width of the masonite board varied with the number of thermocouples
being used. The masonite boards were pushed vertically into the
soil, the soil was removed behind the boards, and the thermocouples
were inserted horizontally through the holes so that the thermocouple
tips extended 5 cm beyond the board into undisturbed soil. Excavated
soil was carefully returned to its place and the surface of the soil
was returned to its original condition. Figure 4 illustrates the use
of the masonite boards for thermocouple installation.
The thermocouples were installed as soon after planting as
possible. Due to rain, most of the corn had emerged before
thermocouple installation was complete. Temperature values were
recorded hourly beginning June A, 1985 and ending July 2, 1985.
14
Figure 3. Thermocouple arrangement for the 50% (completely covered)
corn and soybean residue trestments and the 8, 16, and 32
cm residue-free band soybean and fiberglass treatments
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Figure 4. Illustration of masonite board installed in field for
thermocouple placement (top), and cut-away view of
masonite board with thermocouple installed (bottom)
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Because of malfunctioning thermocouples and data recorder problems,
only data from June 7 (Day 158) to June 10 (Day 161) were used in the
data analysis.
Experimental Design of Growth Chamber Study
The four treatments (0. B, 16, and 32 cm residue-free bands)
using corn residue were selected for further study under the
controlled conditions of a growth chamber. A completely bare check
treatment was also Included. Air dry soil was placed in a 76.2 X
76.2 X61,0 cni'^ insulated box at a bulk density of 1.3 g/cm .
Thermocouples were installed in the grid of 16 using a masonite
hoard as shown previously in Figures 2 and 4. Other thermocouples
were installed along the bottom and in the center of the box to
monitor boundary conditions. A heat exchanger was used in the bottom
of the box to provide a uniform bottom boundary condition. Appendix
A describes the box construction and thermocouple locations. Air
temperature was also monitored. The growth chamber was programed to
control air temperature in a diurnal cycle from 11.6 °C at midnight
to 24.2 °C at noon. These temperatures are within the optimum
temperatures for corn growth. Relative humidity was maintained at
60%. Residue was applied at a rate of 7000 kg/ha. Three different
soil conditions were used to determine the effects of residue on soil
temperature. The treatments were randomized within each soil
condition and because there was only one box, the experimental
17
procedure was performed on the treatments one at a time.
The first condition was dry soil under dark conditions. The
second condition consisted of dry soil with a bank of heat lamps
operating for 12 hours, from 6 a.m. to 6 p.m., to provide heat and
light to the soil surfacc. The experimental procedure for these two
conditions was to place the residue in the appropriate band, allow
the soil to equilibrate for 36 hours, collect data for the next 48
hours, and then start the cycle for the next treatment 12 hours
later, so that data were collected midnight to midnight for two days.
Only one replication was made for each of chese two conditions. Two
soil water content samples were taken using an open-sided sampling
tube to a depth of 30 cm before the beginning of the first growth
chamber condition, between the two conditions, and after the
completion of the second condition. These were the only samples
taken during the first two conditions due to the destructive nature
of the sampling.
The third condition was to add water to the system. The heat
lamps were again used during this condition. Water was ponded on the
soil surface for 10 hours, allowed to drain for 14 hours, and then
data were collected for the next 48 hours. The cycle for the next
treatment was started immediately following the end of data
collection. The residue treatments were replicated twice for this
soil condition. Two soil water content samples were taken before and
after the 16 cm residue-free band treatment in each of the two
replications.
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Adapcatioti of a Computer Model to Predict Soil Temperature
Use of a computer model to predict soil temperatures provides
the opportunity to optimize planting during a no-till farming system
using residue-free bands. Inputs would be made to the model
describing weather and soil conditions. A residue-free band of a
certain width would be included. The model would then make
temperature predictions, calculate growing degree units, and the
optimum planting depth would be determined based on the depth of the
greatest GDU value at the centerline. Another approach would be to
input two or more residue-free band widths and determine the optimum
band width based on the greatest GDU value at the 6 cm depth or the
depth at which the seed is usually planted.
The computer model developed by Chung and Horton (1985) uses the
alternating direction implicit finite difference method to solve
simultaneous soil heat and water flow equations. The model was
developed to Include a partial residue cover. Inputs required
include weather data, soil thermal and hydraulic properties, and
residue data which are described in Appendix B. This model was
selected for adaptation to the uses described above because many of
the desired features were already included.
The first step in adapting the model was to verify, using data
collected in the previously described field and growth chamber
studies, that the model could accurately predict soil temperatures.
After model verification, provisions would be included to calculate
19
growing degree units and to present the results so that an optimum
planting depth or nn optimum residue-free band width could be
determined.
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RESULTS AND DISCUSSION
Analysis on Growing Degree Units
Field data
The field data were broken into three parts so that
statistical analyses were valid. GDII values were sutnmed over four
days for each thermocouple. The mean of the GDU values over the two
replications obtained for each thermocouple are shown in Table 1.
The analyses were performed on the ODU values using SAS (SAS
Institute, Inc., 1985). Weather data for the four days are shown in
Table 2.
Table gives the treatment mean GDU for the three corn residue
treatments (8, 16, and 32 cm residue-free bands) having the grid of
16 thermocouples. There was no significant difference at the 0.10
level of probability among these treatments. It was interesting to
note that the 16 cm treatment had the highest GDU followed by the 32
and 8 cm treatments.
The second analysis compared the four corn residue treatments
(0, 8, 16, and 32 cm residue-free bands) and the completely bare
treatment over the four centerline vertical thermocouples (0, 3, 6,
and 12 cm depths). Table 4 lists the treatments and the mean GDU
over depth. There was a significant difference at the 0.10 level of
probability. A linear regression analysis showed that for each
centimeter increase in band width, there was a 0.15 increase in GDU'.
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Table 1. Growing degree units accumulated over four days in the
field study. Values are averages of two replications
Residue type
Corn Soybean Fiberglass
Distance from centerline, cmResidue-free
band width Depth 0 4 8 16 0 0
cm cm ^C-day
Bare 0 54.5
3 4R.4
6 52.3
12 45.8
32 0 40.0 51.4 40.9 40.4 44.0 45.9
3 45.5 41.5 48.7 41.9
6 46.7 40.1 47.2 38.8 41.7 38.1
12 43.8 40.6 44.4 37.1
Tfi n 41.3 42.3 48.6 46.4 43.5
3 45.5 42.6 46.2 46.9
6 41.7 41.0 39.7 47.0 48.8
12 49.1 45.0 44.0 42.0
R 0 38.7 44.4 49.7 39.6 49.0 44.1
3 40.3 43.1 39.2 39.8
6 35.4 40.1 39.5 42.5 38.3 36.7
12 38.4 45.0 39.3 36.6
0 0 46.2 44.2 47.9
3 37.3 37.7 47.6
6 46,9 39.2 44.0
12 32.9 48.0 39.6
0, 50% residue 0 43.8 47.9
cover 6 44.5 39.6
Boundary conditions
Thermocouple location
Air, 1 m above soil surface
Soil, 1 m below soil surface
*C-day
46.A
35.1
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Table 2. Weather data for the four days of field data
Air Temperature,® °C
Maximum "37.3 41.3 30.5 21.2
Minimum 11.1 17.2 15.1 11.7
Average 23.6 29.8 22.6 16.2
Dewpoint,^ °C
Average 15.0 18.9 7.2 10.6
Precipitation,^ cm 0 0 0 0
Windkm/day 120.7 262.3 294.5 114.3
Day
158 159 160 161
^Measured values averaged over two replications.
^Source: NOAA Local Climatological Data for Des Moines, Iowa,
June 198 5.
^Source: NOAA Climatological Data for Iowa, June 1985.
Table 3. Mean of 16 GDU values for analysis on
8, 16, and 32 cm residue-free band
width corn residue treatments for the
field study
Residue-free GDU
band width
cm "C-day
8 40,7
16 44.8
32 43.1
L.S.D.(O.l) n.s.
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Table 4. Centerline mean GDU values for analysis
on 0, 8, 16, and 32 era residue-free
band width corn residue treatments and
the bare check treatment for the field
study
Residue-free GDU
band width
cm " ®C-day
0 40.8
8 38.2
16 46.4
32 44.0
Bare 50.2
L.S.D.(O.l) = 4.07
The completely bare treatment had the greatest GDU accumulation
followed by the 16, 32» 0, and 8 cm residue-free band width
treatments, respectively.
The third analysis compared the means of GDU values at the
centerline and the 0 and 6 cm depths over all the treatments. The
treatment mean GDU values are shown in Table 5. The bare treatment
had a significantly higher GDU mean than the rest of the treatments.
There was a significant difference among the 0, 8, and 32 cm residue-
free band treatments across the three residues at the 0.1 level. The
analysis also showed that the surface of the soil was significantly
warmer than the other depths. The 50% cover treatments were not
significantly different from the full cover treatments. For two of
the three residues, the 8 cm treatment had the lowest GDU mean, while
24
Table 5. Centerline mean GDU values at 0 and 6 cm depths for
analysis on all residues and all treatments of the field
study
Residue-free Bare Corn Soybean Fiberglass
band width
"C-day
53.4
0 46.5 41.7 45.9
8 37.0 43.6 40.4
16 45.5 46.2
32 43.4 42.9 42.0
50T 44.1 43.7
L.S.D.(O.l) = 5.02b
a
^No data available.
^L.S.D. value Is for a comparison of any two values.
for those same residues, the 0 cm treatment had the greatest GDU
mean.
The results of the first two analyses follow the results
obtained by Lindwall (1983) in his investigation of various sized
residue-free circular areas. These results indicate that the 16 cm
residue-free band width gives the greatest GDU» and therefore is the
optimum residue-free band width. The results of the third analysis
conflict with this result. The mixed results obtained in the third
analysis might be the result of scatter in the data produced by
recorder error.
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Growth chamber data
For all the growth chamber treatments, GDU values were summed
over the 48 hours that the data were collected. Table 6 gives the
GDU for each thermocouple for the condition of dry soil without heat
lamps. Table 7 gives the GDU for each thermocouple for the condition
of dry soil with heat lamps. Because only one replication was made
of these two conditions, error for the analyses was estimated from
higher order interactions. The differences in the summed GDU values
are actually within the limits of the recorder measurement error.
For this reason, it was decided not to replicate the treatments and
to spend more time with the third condition of adding water to the
soil. The statistical analyses on these data show no significance at
the 0.10 level of probability. Similar to the field data, it was
interesting to note that the 16 cm treatment again had a higher GDU
treatment mean for the first condition of dry soil and no heat lamps,
while bare soil had the lowest GDU mean. For the condition of dry
soil and heat lamps, the 0 cm residue-free band had the highest GDU
mean and the bare treatment again had the lowest. This may have been
the result of the residue shading the soil during the day and
insulating the soil at night.
Table 8 gives the GDU mean over the two replications for each
thermocouple for the third growth chamber condition of adding water.
The statistical analysis indicates significant differences at the 0.1
level among treatments, across depths and across the interactions.
There were no significant differences across the distances. The rank
26
Table 6. GDU values for each thermocouple for the growth chamber
condition of dry soil without heat lamps accumulated for
two days, L.S.D.(O.l) = n.s. for treatment means
Residue-
free band
width
cm
Bare^
32
16
Depth Distance from centerline, cm Average
0 4 8 16
cm
0 13.5 13.5 13.6 13.6 13.6
3 13.5 13.7 13.5 13.6 13.6
6 13.8 13.8 13.7 13.8 13.8
12 13.8 13.8 13.9 13.8 13.8
Average 13.7 13.7 13.7 13.7 13.7
0 14.0 14.0 14.1 14.1 14.1
3 14.0 14.2 14.0 14.1 14.1
6 13.9 14.0 13.8 14.0 13.9
12 13.6 13.6 13.6 13.5 13.6
Average 13.9 14.0 13.9 13.9 13.9
0 14.0 14.1 14.1 14.2 14.1
3 14.1 14.3 14.2 14.2 14.2
6 14.4 14.4 14.2 14.4 14.4
12 14.2 14.3 14.3 14.2 14.3
Average 14.2 14.3 14.2 14.3 14.2
0 13.8 13.8 14.1 14.0 13.9
3 14.0 14.2 14.0 14.0 14.1
6 14.2 14.2 14.1 14.2 14.2
12 14.0 14.0 14.1 14.1 14.1
Average 14.0 14.1 14.1 14.1 14.1
0 13.8 13.9 14.0 14.1 14.0
3 14.0 14.2 14.0 14.1 14.1
6 14.2 14.2 14.1 14.2 14.2
12 14.1 14.1 14.2 14.0 14.1
Average 14.0 14.1 14.1 14.1 14.1
^Average soil water content over 30 cm depth at beginning of
treatments was 12.1% w/w, and between the dry soil without heat lamps
and the dry soil with heat lamps treatments was 9.1% w/w.
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Table 7. GDU values for each thermocouple for the growth chamber
condition of dry soil with heat lamps accumulated for two
days, L.S.D.(O.l) « n.s. for treatment means
Residue-
free band
width
cm
Bare'
32
16
Depth Distance from centerline, cm
16
cm
0
3
6
12
30.2
37.6
39.0
39.7
31.6
36.9
39.1
39.7
Average 36.6 36.8
0
3
6
12
31.8
38.1
39.4
40.0
Average 37.3
0
3
6
12
31.6
37.5
38.9
39.6
33.0
37.4
39.6
40.0
37.5
32.8
36.9
39.1
39.7
8
oc-day
31.5
36.9
39.0
39.7
36.8
32.9
37.4
39.5
40.0
37.4
32.8
36.9
38.9
39.6
30.6
36.9
38.9
39.6
36.5
32.0
37.4
39.4
40.0
37.2
33.4
37.0
38.7
39.5
Average 36.9 37.1 37.1 37.2
0
3
6
12
31.0
37.8
39.2
40.0
32.9
37.1
39.4
40.0
32.9
37.2
39.3
40.0
Average 37.0 37.4 37.4
33.8
37.4
39.2
39.9
37.6
33.8
37.9
39.5
40.0
37.8
0
3
6
12
32.7
38.2
39.3
40.0
33.5
37.7
39.6
40.0
Average 37.6 37.7
34.1
37.8
39.5
40.0
37.9
Average
31.0
37.1
39.0
39.7
36.7
32.4
37.6
39.5
40.0
37.4
32.7
37.1
38.9
39.6
37.1
32.7
37.4
39.3
40.0
37.3
33.5
37.9
39.5
40.0
37.7
^Average soil water content over 30 cm depth at the end of the
the treatments with dry soil and heat lamps was 2.0% w/w.
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Table 8. Mean GDU values over the two replications for the third
growth chamber condition of wet soil and heat lamps,
L.S.D.(O.l) = 1.36 for treatment means
Residue-
Average
free band Depth Distance: from centerline. cm
width 0 4 8 16
cm cm
Bare 0 29.5 29.0 28.9 29.2
29.1
3 32.1 32.7 31.9 31.8 32.1
6 33.7 33.6 33.3 33.1
33.4
12 33.9 33.6 33.6 33.1 33.6
Average 32.3 32.2 31.9 31.8 32.1
32 0 27.8 27.6 27.9 29.1
28.1
3 30.8 31.7 31.2 31.6 31.3
6 32.7 32.8 32.7 32.4 32.6
12 32.3 31.9 32.2 31.3 31.9
Average 30.9 31.0 31.0 31.1 31.0
16® 0 26.9 27.1 27.7 28.9 27.6^
3 29.5 30.5 30.2 30.5 30.2
6 31.4 31.4 31.2 30.7 31.2
12 30.2 29.6 29.9 28.8 29.6
Average 29.5 29.6 29.7 29.7 29.6
8 0 26.8 28.5 29.5 29.6 28.6
3 29.8 31.0 31.0 31.1 30.7
6 31.6 31.7 31.7 31.5 31.6
12 30.4 30.0 30.4 29.8 30.1
Average 29.6 30.3 30.6 30.5 30.3
0 0 29.8 29.9 29.5 29.0 29.5
3 30.6 30.9 30.5 30.5 30.6
6 31.4 31.3 31.1 30.9 31.1
12 29.5 28.8 29.3 29.0 29.1
Average 30.3 30.2 30.1 29.8 30.1
^Average soil water contents before and after the 16 cm residue-
free band treatment for the two replications were 23.3 and 12.9% w/w
and 23.6 and 13.2% w/w, respectively.
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by GDU treatment mean is bare, 32, 8, and 0 followed by the 16 cm
residue-free band. Figure 5 is a plot of GBU versus distance from
the centerline for each treatment, with GDU values averaged over
depth. The plots are nearly horizontal indicating the lack of
significant difference across distance. Figure 6 Illustrates the
relationships between GDU, averaged over distance, with depth. The
bare treatment shows the greatest variation, with the completely
covered treatment having the least variation. Figures 7, 8, 9, 10,
and 11 are plots of GDU versus depth at each distance for each
treatment. These plots illustrate the interactions between
treatment, depth and distance. Acomparison of these five plots
shows that the greatest variation in GDU occurs from the surface to
the 3 cm depth. The GDU values peak, except for the bare treatment
where the GDU is leveling off, at the 6 cm depth. This peak
Indicates that the maximum GDU accumulation is at the 6 cm depth,
where the seed is placed.
Results with Two-Dimensional Model
Verification of the model was limited to work with the growth
chamber data because of inadequate data on soil properties and
weather data related to the field study. Preliminary trials
indicated that the extensive water flow calculations present in the
model were unnecessary for the first two growth chamber conditions
using dry soil. These calculations were by-passed. Astep function
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Figure 5. GDU values averaged over depth versus distance from the
centerline for each treatment of the growth chamber study
condition of wet soil and heat lamps
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Figure 6. GDU values averaged over distance versus depth from the
soil surface for each treatment of the growth chamber
study condition of wet soil and heat lamps
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figure 7. GDU versus depth for each distance for the 0 cm residue-
free band width treatment in the growth chamber using
wet soil and heat lamps
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Figure 8. GDU versus depth for each distance for the 8 cm residue-
free band width treatment in the growth chamber using
wet soil and heat lamps
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Figure 9. GDU versus depth for each distance for the 16 cm residue-
free band width treatment in the growth chamber using
wet soil and heat lamps
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Figure 10. GDU versu? depth for each distance for the 32 cm residue-
free band width treatment in the growth chamber using
wet soil and heat lamps
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Figure 11. GDU versus depth for each distance for the completely
bare treatment in the growth chamber using wet soil and
heat lamps
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with ramped ends was used to simulate the high radiation load of the
heat lamps after it was determined that the actual step was too great
for the model. An initial temperature array was included in the
model for the dry soil conditions to establish a more accurate
temperature profile. The time step was reduced from 600 s to 100 s.
The model was numerically unstable for the conditions initially
input. When the iteration limits were doubled, the model would then
converge, however, the predictions were not very accurate. Several
inputs, including albedo, windspeed, soil thermal conductivity, and
surface roughness were varied to evaluate sensitivity of the model.
The model was most sensitive to variations in windspeed. Figures 12
and 13 illustrate the effects of changing the windspeed.
Windspeed is used in the aerodynamic resistance equation.
Aerodynamic resistance is then used in the energy balance equations-
There was very little actual air movement in the growth chamber, so
windspeed values were near zero. Efforts were made to calibrate the
model for wind speed for the dry soil condition without heat lamps.
While the curves were similar in shape and size, Che phase of the
diurnal temperature cycle was off by approximately eight hours. This
phase difference, which can be seen in Figure 14, was not apparent
for the other soil conditions.
The results obtained from these trials with the model indicate
that the model may not be able to simulate the conditions present in
the growth chamber without extensive modifications. One area of the
model which may need expansion or revisions to simulate the
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Figure 12. Plots of predicted and actual temperature versus time for
the growth chamber condition of wet soil and heat lamps
at four depths and the centerline for a windspeed of 1 m/s
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Figure 13. Plot of actual and predicted temperatures versus time for
the growth chamber condition of wet soil and heat lamps
at four depths and the centerline for a windspeed of 2 m/s
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Figure 14. Plot of actual and predicted temperatures versus time for
the growth chamber condition of dry soil without heat
lamps at four depths and the centerllne for a wlndspeed
of 5 m/s
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artificial conditions presented in this research are the methods
describing the heat transfer. Use of the aerodynamic resistance
equation should possibly be coupled with equations for free
convection. The radiation load produced by the heat lamps, which is
higher than actual radiation produced by the sun, should be simulated
more accurately* From Figure 15, it appears that the air
temperature between the heat lamps and the soil surface reaches a
state of near equilibrium due to the radiation load. This is shown
by the near level curve during the hours that the heat lamps are on.
The temperature cycle produced by the growth chamber and simulated by
the model does not describe this situation.
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Figure 15. Plots of actual and predicted termperatures versus time
for the growth chamber condition of dry soil with heat
lamps at four depths and the centerline for a windspeed
of 2 m/s
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COKCLUSIONS
Results from the field data are mixed. There is some indication
that the 16 cm residue-free band would be the optimum width to use in
developing conservation tillage equipment. Results from the growth
chamber study for the dry soil conditions, with and without heat
lamps, show that the treatments with heat lamps produce significantly
higher GDU, but otherwise the treatments are not significantly
different. The third soil condition using wet soil and heat lamps
Indicates that the wider the residue-free band, the higher the GDU.
This final condition does show that the 6 cm depth is the optimum
depth for seed placement for all the treatments since that depth has
the greatest GDU values.
The model required inputs not available from the field study, so
simulations were limited to the growth chamber treatments. The
model, in its present form, was not able to simulate the temperatures
recorded in the growth chamber. Therefore, modifications to the
model to predict temperature changes as a function of residue-free
band width were not made.
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APPENDIX A. CONSTRUCTION OF BOX AND THERMOCOUPLE LOCATIONS FOR
GROWTH CHAMBER STUDY
61
The box used In the growth chamber experiment was constructed of
1.91 cm marine grade plywood. The wood was sealed with a
polyurethene varnish. The inside dimensions were 76.2 x 76-2 x 61
cm^. The box was insulated with 7.62 cm of styrofoam on the sides
and bottom. A heat exchanger constructed of 1.27 cm diameter copper
tubing was installed in the bottom of the box. A sheet metal plate
was placed on top of the heat exchanger to provide uniform heat
distribution between the heat exchanger and the soil. Air dry soil
was placed on top of the sheet metal plate to a depth of 55 cm at a
bulk density of 1.3 g/cm^. Figure A.1 shows the box construction and
Figure A.2 shows the heat exchanger.
The grid of 16 thermocouples were placed so that the tip of the
surface centerline thermocouple was located at the center surface of
the box. The masonite board was inserted perpendicular to the
residue-free band as in the field experiment. Nine thermocouples
were installed 2.5 cm from the bottom of the box to monitor bottom
boundary conditions. Eight of these thermocouples were located 2.5
cm from the sides of the box, with four in the corners and four at
the midpoints of the box sides. The ninth thermocouple was placed in
the center of the box. Five thermocouples were located 27 cm from
the bottom of the box with four thermocouples 2.5 cm from the
midpoint of the sides and one in the center.
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1.1 ttn
p)yu;ooc|
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Figure A.l. Construction of the box used in the growth chamber
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Figure A.2. Heat exchanger used in the box for uniform heat
distribution
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APPENDIX B. INPUTS USED IN THE COMPUTER MODEL
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Input parameters used in the model:
1. Soil parameters including hydraulic and thermal properties for
a soil of the Clarion-Nicollet-Webster soil association
Parameter Definition Value
Aa 1 pha Parameter *alpha* in Van Genuchten*s
4.112retention equation, m
En Parameter *n* in Van Genuchten's
retention equation 1.278
Conds Saturation hydraulic conductivity.
m/s 1.896 D-6
Thetas Saturation water content, m /m 0.547
Thetar Residual water content, m /m 0.1
Bl, B2, B3 Parameters in thermal conductivity 0.243, 0.393
equation 1.536
Solid Fraction of solids in the soil 0.453
Organ Fraction of organic matter in the
soil 0.0
2. Weather data
Parameter Definition Value
Dayl Day length, s 43200
Rain Rainfall amount during a time step,
cm 0.0
RG Global radiation, W/m 1600.
Snoon Solar noon, s 43200
Tave Average daily air temperature, °C 16.8
Tamp Amplitude of daily air temperature.
oc 12.7
Tdew Average daily dewpoint, 21.0
Tdamp Amplitude of daily dewpoint
15.5temperature, °C
Ws Windspeed, m/s varied
3. Residue parameters
Parameter Definition Value
Ramdam Thermal conductivity of mulch, W/m®C 0.0335
Rm Mulch moisture diffusion resistance.
s/m 2000
Thkm Mulch thickness, m 0.015
66
4. Treatment parameters for a 16 cm residue-free band
Parameter Definition
Delx Spatial step size in x-direction, m
Delz Spatial step size in z-direction, m
Iday Number of days of simulation
Rleng Width of the mulch cover, m
Timesp Time step size, s
Xleng Length of the x-coordinate, m
Zleng Length of the z-coordinate, m
Zo Soil surface roughness length, m
Value
0.03
0.03
2
0.30
100.0
0.38
0.55
0.01
